High-harmonic generation is a well-known method of producing coherent extreme-ultraviolet (EUV) light, with photon energies up to about 0.5 keV (refs 1, 2) . This is achieved by focusing a femtosecond laser into a gas, and high harmonics of the fundamental laser frequency are radiated in the forward direction 3, 4 . However, although this process can generate high-energy photons, efficient high-harmonic generation has been demonstrated only for photon energies of the order 50-100 eV (ref. 5) . Ionization of the gas prevents the laser and the EUV light from propagating at the same speed, which severely limits the conversion efficiency. Here we report a technique to overcome this problem, and demonstrate quasi-phase-matched frequency conversion of laser light into EUV. Using a modulated hollow-core waveguide to periodically vary the intensity of the laser light driving the conversion, we efficiently generate EUV light even in the presence of substantial ionization. The use of a modulated fibre shifts the energy spectrum of the high-harmonic light to significantly higher photon energies than would otherwise be possible. We expect that this technique could form the basis of coherent EUV sources for advanced lithography and highresolution imaging applications. In future work, it might also be possible to generate isolated attosecond pulses.
Advances in nonlinear optics have greatly expanded the utility of the laser 6 . Using nonlinear crystals and frequency-conversion techniques such as frequency doubling 7 and quasi-phase matching (QPM) [8] [9] [10] , laser light at one wavelength can be converted to another. In nonlinear optics, efficient conversion requires that the process be phase matched 6 . As a pump beam propagates through a medium, the nonlinear response leads to generation of a signal beam at a different wavelength. If the two waves travel with the same phase velocity, the nonlinear response continues to add constructively to the signal beam, leading to a bright, 'phase-matched' output signal at a new wavelength. If a process cannot be phase matched, the phase between the signal field and the nonlinear response will eventually reach 1808, resulting in destructive interference and back-conversion into the fundamental field. The propagation distance at which destructive interference occurs is defined as the coherence length.
Phase matching in the visible is often accomplished using anisotropic crystals. Here, the signal and pump beams propagate with different polarizations, taking advantage of the birefringence of the medium to equalize propagation velocities. However, other approaches are possible. In 1962, shortly after the birth of nonlinear optics, Armstrong et al. 11 proposed "phase corrective schemes", later termed QPM schemes. In QPM, a phase mismatch is periodically 'corrected', with a periodicity corresponding to twice the coherence length. For example, by reversing the crystal orientation of the medium, the polarity of the nonlinear response is reversed just before destructive interference occurs. However, practical implementation of this concept awaited the development of crystal-poling techniques in the mid-1990s [8] [9] [10] . Unfortunately, reliance on solid materials for nonlinear frequency conversion has severely limited nonlinear optical techniques for generating very-short-wavelength light. Most solid materials are transparent only at wavelengths greater than 150-200 nm. Thus, the generation of coherent light at EUV wavelengths must take place in a gas 3, 4 , where traditional phase-matching techniques do not work. Nevertheless, phase-matched frequency conversion to the EUV is still possible, and leads to the generation of fully spatially 12 and temporally 13 coherent beams. In past work, we demonstrated the generation of phase-matched high-harmonic generation (HHG) over an extended propagation range, by confining the light in a gasfilled hollow waveguide 5, 14 . The effect of the neutral gas index of refraction on the pump light (decreasing the phase velocity of the pump) can be counterbalanced by waveguide dispersion and ionization (increasing the phase velocity of the pump), making it possible to equalize the propagation velocity of the pump and signal. However, this approach to phase matching is limited to relatively low EUV photon energies. Higher EUV photon energies are generated at higher levels of ionization, where the phase velocity of the pump beam is too fast to be phase matched using any technique demonstrated to date. Thus, although HHG can generate photons with energy of about 500 eV (refs 1, 2), efficient phasematched HHG has been demonstrated only at photon energies of #50-90 eV. This prevents the use of this source for applications such as in vitro imaging of small cellular structures, which requires EUV light in the 'water window' (,300 eV) region of the spectrum. Coherent sources at the 13-nm wavelength of interest to EUV lithography would also benefit from increased efficiency. Here we demonstrate that this limitation can be overcome by applying QPM techniques to HHG. Using a hollow-core waveguide with a periodically modulated diameter, the energy range over which we efficiently generate high harmonics can be increased significantly. The periodic structure modulates the generation of high harmonics and restricts HHG to regions with favourable constructive interference. It may also allow for the generation of isolated attosecond pulses. This work shows that sophisticated concepts of nonlinear optical 'photonics' and engineered structures can be applied even to the extreme nonlinear optics of HHG. It also complements our past work using optimally shaped light pulses to selectively optimize HHG 13 . Both works show that the highly nonlinear nature of the HHG process, rather than being a limitation, in fact allows for new control mechanisms that are simply not possible in conventional nonlinear optics.
In our experiment, 25-fs-duration pulses from a high-repetitionrate (2-5 kHz, 1 mJ per pulse) Ti:sapphire laser system operating at 760 nm (ref. 15) were focused into 150-mm-diameter hollow fibres filled with various gases. Some of the waveguides were periodically modulated in diameter to modulate the laser intensity inside the fibre. The modulated fibres used in this experiment were produced using precision glass-blowing techniques starting with a straight hollow-core fibre (also 150 mm in diameter). The modulations were approximately sinusoidal, with a period of 1-0.5 mm, and a radial depth of the order of 10 mm, corresponding to a 13% modulation of the fibre radius (Fig. 1) . Figure 2 shows the phase-matched HHG spectrum from He, Ne and Ar gas for straight (blue) and modulated (red) fibres. For all cases, the flux measured from the QPM fibres is significantly greater (by factors of 2-5) than that measured from straight fibres. Most significantly, the modulated fibre increases the brightness of higher harmonic orders by at least two orders of magnitude. In the case of He, for the straight fibre the HHG comb spans an energy range from 60 to 80 eV, with a spectral peak at 68 eV (Fig. 2a, blue trace) . For the modulated fibre, the spectral peak shifts by 27 eV, from 68 to 95 eV (Fig. 2a, red) , while the QPM harmonic comb also spans a broader energy range from 63 to 112 eV. Note that the wavelength region over which we achieve QPM easily includes the 94-eV (13 nm wavelength) region of interest for the next generation of EUV lithographies. In the case of Ne, use of a modulated fibre extends the high-flux harmonic emission from 70 to 90 eV, while significantly increasing the flux (Fig. 2b) . In the case of Ar, the HHG spectrum from a straight fibre consists of a comb of phase-matched harmonics, peaked around 37 eV (Fig. 2c, blue) . For the modulated fibre (Fig. 2c, red) , the HHG output spectral peak shifts to 47 eV, while the flux increases significantly. We also investigated the HHG emission from Ar when the laser intensity was reduced by a factor of three. In this case (Fig. 3) , the characteristic 'harmonics' merge into an almost smooth continuum of both even and odd orders. Moreover, the spectral bandwidth of the merged peaks for the QPM case corresponds to a single 250-as-duration EUV pulse, assuming a time-bandwidth limit (Fig. 3 inset) .
We also investigated HHG from longer (2.5 cm) modulated fibres with different modulation periods. Figure 4 shows the experimen- Figure 2 Experimentally measured HHG spectra for straight (blue) and modulated (red) fibres. Data are shown for He gas (a), Ne gas (b) and Ar gas (c), at pressures of 150 torr, 47 torr and 45 torr, respectively. In this case, the modulated section was 1 cm in length, with 1 mm periodicity, placed near the end of the fibre. The measured flux (non-optimized) corresponds approximately to 1 nJ per harmonic per pulse for Ar, and 20 pJ per harmonic per pulse for He at repetition rates of 2 kHz. These numbers are expected to increase when sufficient laser intensity is available to push the HHG spectra into the transparency region of the gas, and when the lengths of the modulated fibres are optimized. Figure 3 Experimentally measured HHG spectra from Ar for straight (blue) and modulated (red) fibres, at lower intensities than Fig. 2c , and at a pressure of 25 torr. In this case, the modulated section was 1 cm in length, with 1 mm periodicity, placed in the centre of the fibre. Inset, Fourier transform of the HHG emission from the modulated fibre, predicting the generation of a 250-as pulse, provided that the phase is flat. The reason for the different characteristic QPM spectra from Ar in Fig. 2c and Fig. 3 results from the use of different laser intensities and gas pressures in the two cases, resulting in a different temporal phase-matching window. Thus, the effect of QPM is evident in both cases, and has the potential for generating isolated attosecond pulses under the correct conditions. a.u., arbitrary units.
tally measured HHG spectra from He for three different periodicities of the modulated fibres. As the modulation period is reduced from 1 mm, to 0.75 mm, to 0.5 mm, the high-energy cut-off increases from 112 to 175 eV. This cut-off is limited by the available laser intensity, and is expected to increase significantly when longer modulated sections, lower pressures, shorter laser pulses, or higher laser intensities are used.
To understand our results, we use previous theoretical predictions of the potential utility of QPM frequency conversion in the EUV 16, 17 . HHG is extremely sensitive to intensity; thus a periodic modulation in the intensity of the driving laser will modulate the HHG emission. Generation of the highest harmonic orders is 'turned off ' when the fibre bulge increases the mode diameter in the fibre, thus preventing back-conversion of the EUV light. Therefore HHG will be quasi-phase matched when the period of the modulation matches the period of the phase mismatch between the pump and signal (that is, twice the coherence length). We also note that two other experimental works used QPM in low-order harmonic generation in gases 18, 19 . However, their approach is not applicable to the EUV. Other proposed schemes, such as suppressing HHG with interfering beams, may be applicable in the EUV 20 . An intuitive picture of our experimental results can be obtained in the perturbative approach. The signal corresponding to the qth harmonic (E(L)) after propagation through a generation medium of length L is given by:
where E q (z) is the laser field, d(z) is the effective nonlinear coefficient for HHG, and Dk ¼ qk q 2 kis the net phase mismatch between the fundamental and harmonic field. In the absence of phase matching or quasi-phase matching, the rapid e iDkz phase term will cause the integral in equation (1) to average to zero. This integral will be non-zero if either Dk ¼ 0, corresponding to traditional phase matching in the visible or EUV, or if dðzÞ < cosðDk M zÞ; corresponding to traditional QPM in the visible. For the latter, the sign on the nonlinear coefficient d(z) is modulated periodically using periodically poled materials [8] [9] [10] 21 . The modulation period L (where Dk M ¼ 2p=L) is chosen to be equal to the coherence length of the signal, that is, the distance over which the fundamental and harmonic fields undergo a phase slip of p, to ensure that the harmonic signal from different regions in the interaction length always adds in phase.
In our work, a new type of QPM can be implemented in the EUV where the signal wave itself is modulated periodically, that is, EðzÞ < cosðDk M zÞ and d is independent of z. The periodic QPM structure can modulate the generation of high harmonic orders in several ways. Harmonics near cut-off that require higher laser intensity for generation can be turned on and off by the modulation. However, other effects (such as the periodic evolution of the phase of the driving pulse) can also contribute to a periodic modulation of the harmonic generation process. In fact, virtually any periodic change in the character of the harmonic emission can allow QPM to operate, particularly in a very-high-order nonlinear process where very small phase changes can dramatically change the output. 13 The significance of the quasi-phase matching discussed here is that it permits phase matching of HHG at higher ionization levels and hence higher photon energies than previously possible. This can be made apparent by calculating the coherence length that results from ionization of the gas. The plasma-induced change in index of refraction corresponds to a phase mismatch in equation (1) of Dk plasma < qn e e 2 l=4pm e e 0 c 2 ; where l is the laser wavelength, e is the charge of the electron, m e is the mass of the electron, e 0 is the vacuum permittivity, and n e is the electron density. For fully ionized argon at a pressure of 1 torr, and for q ¼ 29, n e ¼ 3.3 £ 10 16 cm 23 , giving Dk < 23 cm 21 . Therefore, the coherence length, L c , given by L c ¼ p/Dk, is 1.4 mm. Thus, very substantial levels of ionization can be compensated for using the QPM technique demonstrated here, with experimentally realizable modulation periods in the millimetre range. In our experiments, because we can modulate at most a 2.5-cm-long section of fibre, we used higher pressures (30 torr). This implies that the 1 mm modulation period compensates approximately for an additional 4% fractional ionization at harmonic order 29. This is to be compared with a straight fibre where phase matching occurs at ionization levels of 2-4%; thus, QPM more than doubles the allowable level of ionization in this case. For He, the effect of the QPM is greater, because the fractional ionization at which high harmonics are efficiently generated is much lower (,0.6% for q ¼ 61, for example). Therefore, a small change in allowable ionization results in a large change in the energy of the highest phase-matched harmonic order. Finally, by decreasing the modulation period from 1 to 0.5 mm (Fig. 4) , the amount of ionization that can be compensated increases, allowing for even higher harmonic orders to be phase matched. Furthermore, by increasing the length of the modulated fibre and reducing the pressure, very high levels of ionization might be compensated for, leading to the generation of very-high-order harmonics, perhaps even from fully ionized gasses. This approach also leads to a significant increase in output flux, because the transparency of the gas is increasing with increasing photon energy over the range we investigate, while the effective nonlinearity is not changing rapidly. For He and Ne for example, the absorption length is increasing with increasing harmonic photon energies. Therefore, we observe both higher harmonic orders and increased overall flux in the data of Fig. 2 .
The QPM structure also suggests the generation of isolated attosecond pulses, even though the driving pulse is nearly two orders of magnitude longer than the generated pulse. This behaviour results from the fact that a dynamic, plasma-induced phase dominates the phase-matching conditions. As a laser beam propagates through a region of space, the level of ionization increases monotonically with time. At a critical ionization level, the phasematching conditions will be optimal, and the bulk of the observed Figure 4 Experimentally measured HHG spectra (log scale) from He for three different periodicities of the modulated fibres, each 2.5 cm in length. Blue, 1 mm periodicity (L); red, 0.75 mm periodicity; green, 0.5 mm periodicity. All spectra were taken through two 0.2-mm zirconium filters, which rejected the laser light. The gas pressure was 111 torr, and the laser intensity was about 5 £ 10 14 W cm
22
. The different curves were taken at different positions of the EUV grating in the EUV spectrometer, owing to the finite spectral region that can be captured simultaneously on the CCD. Therefore, the cut-off at low energy is artificial, limited by the spectral window. The high-energy cut-off is limited by the available laser intensity. It is expected to increase significantly when longer modulated sections, lower pressures, shorter laser pulses (10 fs), or higher laser intensities are used.
letters to nature signal originates from a short window in time within the driving pulse. In QPM, this critical ionization level is higher, and occurs closer in time to the peak of the pulse if the optimal laser intensity is used. Here, the ionization rate is highest, resulting in a very fast 'sweep' of the phase-matching conditions through the optimum. Simple calculations show that this time window can be significantly shorter than for the equivalent straight fibre, and may limit the HHG emission to a single half-cycle of the driving laser. This phenomenon of time-gating of HHG by means of rapidly varying phase-matching conditions is new, and is distinct from the concept of time-gating using intensity variations in a short, sub-10-fs pulse 22, 23 . Finally, by using either higher intensity laser pulses, longer modulated sections, lower pressures, or shorter (10 fs) pulses, our calculations show that it should be possible to extend this work to phase match HHG at wavelengths well below 4.4 nm. This wavelength is in the 'water window' region of the spectrum that is relevant to high-contrast biological imaging; HHG has been shown to reach these short wavelengths, but only under inefficient non-phase-matched conditions 1, 2 . We expect that this phasematched EUV source will thus make possible element-specific spectroscopies and microscopies with ultrahigh spatial and temporal resolution.
A
